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The ubiquity of carbonate platforms throughout the Cretaceous Period is recognized as a product of high
eustatic sea-level and a distinct climatic optimum induced by rapid sea-ﬂoor spreading and elevated
levels of atmospheric carbon-dioxide. Notably, a series of global oceanic anoxic events (OAEs) punctuate
this time-interval and mark periods of signiﬁcantly reduced free oxygen in the world's oceans. The best
records of these events are often from one-dimensional shelf or basin sections where only abrupt shifts
between oxygenated carbonates and anoxic shales are recorded. The Comanche Platform of central Texas
provides a unique opportunity to study these events within a well-constrained stratigraphic framework
in which their up-dip and down-dip sedimentologic effects can be observed and the recovery of the
platform to equilibrium states can be timed and understood. Stable isotope data from whole cores in
middle Hauterivian through lower Campanian mixed carbonate-siliciclastic strata are used to construct a
52-myr carbon isotope reference proﬁle for the northern Gulf of Mexico. Correlation of this composite
curve to numerous global reference proﬁles permits identiﬁcation of several anoxic events and allows
their impact on platform architecture and facies distribution to be documented. Oceanic anoxic events
1a, 1b, 1d, and 2 occurred immediately before, after, or during shale deposition in the Pine Island
Member, Bexar Member, Del Rio Formation, and Eagle Ford Group, respectively. Oceanic anoxic event 3
corresponds to deposition of the Austin Chalk Group. Platform drowning on three occasions more closely
coincided with globally recognized anoxic sub-events such as the Fallot, Albian-Cenomanian, and Mid-
Cenomanian events. This illustrates that the speciﬁc anoxic event most affecting a given carbonate
platform varied globally as a function of regional oceanographic circumstances.
Using chemo- and sequence-stratigraphic observations, a four-stage model is proposed to describe the
changing facies patterns, fauna, sedimentation accumulation rates, platform architectures, and relative
sea-level trends of transgressive-regressive composite sequences that developed in response to global
carbon-cycle perturbations. The four phases of platform evolution include the equilibrium, crisis, anoxic,
and recovery stages. The equilibrium stage is characterized by progradational shelf geometries and coral-
rudist phototrophic faunal assemblages. Similar phototrophic fauna typify the crisis stage; however,
incipient biocalciﬁcation crises of this phase led to retrogradational shelf morphologies, transgressive
facies patterns, and increased clay mineral proportions. Anoxic stages of the Comanche Platform were
coincident with back-ground deposition of organic-rich shale on drowned shelves and heterotrophic
fauna dominated by oysters or coccolithophorids. Eustatic peaks of this stage were of moderate ampli-
tude (~30 m), yet relative sea-level rises were greatly enhanced by reduced sedimentation rates. In theR 3050, Houston, TX, 77079,
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R.M. Phelps et al. / Cretaceous Research 54 (2015) 117e144118recovery stage, heterotrophic carbonate factories re-established at the shoreline as progradational ramp
systems and sediment accumulation rates slowly increased as dysoxia diminished. Full recovery to
equilibrium conditions may or may not have followed. Geochemical and stratigraphic trends present in
the four stages are consistent with increased volcanism along mid-ocean ridges and in large-igneous
provinces as primary drivers of Cretaceous OAEs and the resulting transgressive-regressive composite
sequences.
© 2014 Elsevier Ltd. All rights reserved.1. Introduction
Oceanic anoxic events (OAEs) documented from numerous time
intervals in the latest Jurassic and Cretaceous periods were
concomitant with signiﬁcant perturbations to the global carbon
cycle. Regardless of the mechanism invoked to trigger these events,
it is clear that enhanced nutrient delivery to the marine realm
dramatically increased surface-water primary productivity (Larson
and Erba, 1999; Handoh and Lenton, 2003; Weissert and Erba,
2004; Mort et al., 2007; Elrick et al., 2009; Jimenez-Berrocoso
et al., 2010). These perturbations are manifest in the stratigraphic
record by the anomalous occurrence of organic-rich shale units
deposited under dysoxic to anoxic conditions (Schlanger and
Jenkyns, 1976; Jenkyns, 1980; Arthur and Sageman, 1994). Preser-
vation of the resulting organic material was enhanced by bottom-
water anoxia that extended from ocean basins onto continental
shelves (Schlanger and Jenkyns, 1976; Weissert, 1989; Montoya-
Pino et al., 2010). Associated with these oceanographic events are
the coincidental drowning of several carbonate platforms (Arthur
and Schlanger, 1979; Groetsch et al., 1993; F€ollmi et al., 1994;
Weissert et al., 1998), decreases in nannofossil abundance (Erba,
1994; Mehay et al., 2009; Erba et al., 2010), and extinction/radia-
tion events of radiolaria and foraminifera (Erbacher et al., 1996;
Erbacher and Thurow, 1997; Parente et al., 2008). Thus it is
evident that the causes and consequences of the OAEs rippled
through the marine ecosystem and were catastrophic for most
biologic communities.
Global correlation of the inter-basinal events is accomplished
via vertical carbon isotope proﬁles derived from bio-
stratigraphically constrained marine carbonate strata (d13C) or the
contained organic carbon (d13Corg) (Bralower et al., 1999; Scholle
and Arthur, 1980). The diverse paleogeographic locations in which
Cretaceous OAEs are documented illustrate their global extent, and
include sites from the paleo-Tethys Ocean, Atlantic Ocean, Paciﬁc
Ocean, the western Gulf of Mexico, and the Western Interior
Seaway of North America (Pratt et al., 1984; Weissert, 1989;
Vahrenkamp, 1996; Menegatti et al., 1998; Bralower et al., 1999;
Stoll and Schrag, 2000; Wilson and Norris, 2001; Jarvis et al.,
2002; Price, 2003; Herrle et al., 2004; Locklair et al., 2004; Tsikos
et al., 2004; Wendler et al., 2009; Jimenez-Berrocoso et al., 2010).
High-resolution composite d13C proﬁles for the Lower and Upper
Cretaceous are developed from the Tethyan region and from En-
glish chalks, respectively (Weissert and Erba, 2004; F€ollmi et al.,
2006; Jarvis et al., 2006). These records place the OAEs within a
larger chemostratigraphic context and offer valuable reference
curves to which data from other regions can be correlated.
Using vertical d13C proﬁles from mixed carbonate-siliciclastic
subsurface cores of the Comanche Platform in south Texas, a near
continuous composite carbon isotope curve is constructed for the
middle Hauterivian through Campanian section of the northern
Gulf of Mexico passive margin. The stratigraphic positions of
OAEs 1a, 1b, 1d, 2, and 3 are documented and detailed chemo-
stratigraphic correlations to other global successions are provided.
Regional anoxic events identiﬁed in other studies are expressed inthe chemostratigraphy shown here, but do not necessarily corre-
spond to shale units in the south Texas carbonate shelf. By estab-
lishing a >50-myr reference curve for the northern Gulf of Mexico,
this study ﬁlls a void in the distribution of temporally-extensive
data sets documenting the paleogeographic coverage of Tethyan
Cretaceous OAEs (see F€ollmi et al., 2006, ﬁg. 6). Furthermore, new
high-resolution data signiﬁcantly enhance the global d13C database
for the middle to upper Albian interval following OAE 1b.
Prior establishment of a detailed sequence-stratigraphic
framework (Phelps et al., 2014) allows regional sedimentologic
analysis of each OAE and its effect on the shallow-marine carbonate
platform. Integration of isotopic datawith lithofacies cross-sections
extending from the paleo-shoreline to shelf-margin enables two-
dimensional analysis of the demise and recovery of the carbonate
system surrounding each anoxic event. Placement of the OAEs
within a sequence-stratigraphic context provides greater insight
into their driving mechanisms and the long-term response of car-
bonate depositional systems.2. Geologic setting and stratigraphy
After Late Triassic to Early Jurassic rifting of the Pangean su-
percontinent and spreading of oceanic crust during the Middle to
Late Jurassic (Salvador, 1991a; Sawyer et al., 1991), the northern
Gulf of Mexico was transformed into a passive margin character-
ized by thermal subsidence (Winker and Bufﬂer, 1988; Salvador,
1991b; Ewing, 2010). Following a Valanginian unconformity
(Ewing, 2010), two mixed carbonate-siliciclastic rimmed-shelf
systems, which are separated by Aptian ramp clinoforms, devel-
oped during the Hauterivian-Barremian and Albian stages (Rose,
1972; Loucks, 1976; Bebout, 1977; Scott, 1993; Phelps et al., 2014).
Subtidal, mud-dominated carbonates and shales overlie the
drowned Albian shelf and form the Cenomanian through lower
Campanian interval (Scott et al., 1978; Dravis, 1980; Dawson, 1997;
Scott et al., 2002; Lock and Peschier, 2006; Lock et al., 2007). Data
shown here are from continuous whole cores acquired near the San
Marcos Arch of the shelf interior and from the Lower Cretaceous
shelf margins (Fig. 1). Terminal locations of the Sligo (Hauterivian-
Barremian) and Stuart City (Albian) shelf margins formed a prom-
inent shelf-slope break observable on regional seismic lines
(Winker and Bufﬂer, 1988; Tyrrell and Scott, 1989), and likely had
shelf to basin relief on the order of hundreds of meters.
Phelps et al. (2014) presented a regional sequence-stratigraphic
framework for the Comanche Platform by constructing a series of
regional cross-sections from subsurface core descriptions, outcrop
measured sections, and wireline log data. Published biostrati-
graphic data from the San Marcos Arch (Young, 1986), East Texas
Basin (Jiang, 1989; Scott et al., 2002; Scott and Kerans, 2002) and
shelf margins (Coogan, 1977; Waite et al., 2007) were combined
with new nannofossil data to constrain regional correlations and
ages of stratigraphic units. Sixteen transgressive-regressive depo-
sitional sequences of 1e3 myr duration were delineated and
grouped into eight composite sequences of 3e14 myr duration
based on the presence of regional unconformities, shelf-interior
Fig. 1. Paleogeographic map of the south Texas Comanche platform in the northern Gulf of Mexico and location of cores used for the study.
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composite sequences comprise three basin-wide supersequences
that are greater than 15 myr in duration with distinct carbonate
platforms separated by platform drowning events.3. Stable isotope data acquisition methods
Eight cores from the regional stratigraphic model were selected
for stable isotope analysis based on core length, continuity, age, and
location within the platform (Fig. 2). Cores were sampled at
0.15e2.5 m spacing as a function of relative sedimentation rate and
temporal variability in the global d13C curve. Powdered sample ma-
terial was extracted using a 4.7 mm diameter drill-bit and a house-
hold drill. To obtain the original seawater d13C value and prevent
distortion of this signal by any single component, mud-dominated
rock matrix materials consisting of terrigenous clay, carbonate
micrite, fecal pellets, and ﬁnely-abraded skeletal fragments were
targeted for sampling. In high-energy portions of the reefal shelf
margin, nomatrixmicrite is present for tensofmeters.Here, samples
represent the bulk composition of skeletal grains present (rudists,
corals, foraminifera, red algae, among others). Individual skeletal
grains,macroscopic cements, and subaerial exposure zoneswerenot
sampled. Dolomite was avoided, although minor fractions (<5%)
were incorporated into some shelf-interior samples.
Powdered samples from the Shell Tomasek #1 core were sent to
the Analytical Laboratory for Paleoclimate Studies of the Universityof Texas at Austin for d18O and d13C analysis (Figs. 1, 2). Samples
were prepared for analysis in a Kiel Device, dissolved with phos-
phoric acid at 70 C, and analyzed using a Thermo-Scientiﬁc MAT
253 mass-spectrometer. Results are reported relative to the Vienna
Pee Dee Belemnite (VPBD) isotopic standard in per mil (‰) nota-
tion. Average external precision is 0.04‰ for d18O and 0.02‰ for
d13C (1s, n ¼ 37, NBS-19). Long-term external precision based on
NBS-19 is 0.05‰ for d18O and 0.03‰ for d13C (1s). Powdered
samples from the remaining cores were sent to the Stable Isotope
Laboratory of the University of Miami for d18O and d13C analysis
using dissolution in a common acid bath of phosphoric acid at
90 C. Analysis was performed using a Finnigan-MAT 251 mass-
spectrometer. Precision of results based on long-term replicate
analysis of standards is 0.08‰.4. Stable isotope results
4.1. Diagenesis of primary d13C values
The d13C values of well-preserved samples generally reﬂect the
original composition of Cretaceous seawater at the moment of
deposition. Changing primary d13C ratios through time are a signal
of variable global paleoceanographic conditions (Schlanger and
Jenkyns, 1976; Scholle and Arthur, 1980). However, original stable
isotope values of carbonate sediment are susceptible to open-
system diagenesis because of inﬂuxing meteoric or burial ﬂuids
Fig. 2. The eight d13C proﬁles in a simpliﬁed sequence-stratigraphic cross-section of the Comanche Platform. Data proﬁles represent 3 or 5 point moving averages.
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Allan and Matthews, 1982; Immenhauser et al., 2001; Moore,
2001). In addition, d13C values may vary as a function of mineral-
ogic variability, fractionation during skeleton secretion, and spatial
variability in platform water d13C values (Keith and Weber, 1965;
Weber, 1965; Patterson and Walter, 1994; Steuber, 1996;
Immenhauser et al., 2003; Swart and Eberli, 2005; Swart et al.,
2009). Despite these processes, d13C ratios of modern carbonate
sediment show little facies-speciﬁc variability and no correlation to
distance from the platform margin (Swart et al., 2009). Moreover,
analysis of Valanginian-Huaterivian shallow-marine strata of the
Alpine Tethys indicates d13C values are independent of depositional
environment, and variations among matrix micrite, individual
grains, and bulk samples is usually less than 0.5‰ (Amodio et al.,
2008). Regardless of their potential for early diagenesis and iso-
topic fractionation, shallow-marine carbonates are a viable source
of data for construction of globally correlative carbon isotope pro-
ﬁles (Jenkyns, 1995; Vahrenkamp, 1996; Groetsch et al., 1998;
Wissler et al., 2003; Huck et al., 2010; Vahrenkamp, 2010).
A cross-plot of d18O versus d13C data (n ¼ 855) illustrates that
approximately 98% of all samples cluster within a central ﬁeld of
values ranging from 6e0‰ d18O and 0e5‰ d13C (Fig. 3). Many
points located outside of this range are interpreted as diagenetically
alteredandhavebeendiscarded frommovingaverages foreachcore.
Discarded data are from intervals with (1) diffuse burial dolomite in
hemipelagic lime mud, (2) carbonate concretions, (3) reﬂux dolo-
mite, or (4) abundant pyrite related to sulfate reduction of organic
carbon. Each discarded sample is signiﬁcantly deviant (>1s) in
comparison to the surroundingdatawith respect to d18Oor d13C, or is
considerably lighter (>1‰) than comparison reference curves.Linear regression of all points indicates no covariance between
d18O and d13C (R2 ¼ 0.05), thus diagenesis affecting d18O ratios had
little impact on the d13C seawater values recorded by the carbonate
sediment. This conclusion was also reached by Prezbindowski
(1981) in a limited analysis of randomly selected samples from
the Stuart City Formation.
Samples are derived from diverse environments and lithofacies
of the platform (intertidal, shallow subtidal, reef, slope, ﬂooded
shelf) that likely experienced widely different diagenetic pathways.
Regardless, excursions of coeval d13C proﬁles in disparate settings
are remarkably similar despite originating in different parts of the
shelf (Fig. 2). Further, late Albian d13C values of the Comanche
Platform (1.9e3.7‰) closely correspond to those of glassy planktic
foraminifera from the Lower Saxony Basin (1.9e3.3‰) (Erbacher
et al., 2011). Microsampled d13C values of fabric-retentive rudists,
micrite, and early marine cements in multiple cores of the Sligo
Formation vary from approximately 1.5e4.0‰, 1.5e3.75‰, and
2.5e3.5‰, respectively (Moldovanyi and Lohmann, 1984). These
data are in agreement with the 1.9e4.0‰ range of Sligo Formation
matrix samples shown here. Statistical analysis, regional similar-
ities between vertical proﬁles, and overlap in d13C values with those
of assorted internal and external samples indicate a reliable record
of global d13C secular variability is present in the south Texas
dataset.
4.2. Vertical isotope proﬁles
Vertical oxygen and carbon isotope proﬁles are plotted against
depth and shown with moving averages, core descriptions, and
third-order composite sequence boundaries. Moving averages limit
Fig. 3. Cross-plot of carbon vs oxygen isotope sample data. Total sample count is 855 samples. Most data points of individual cores show no relationship between d13C and d18O
values, suggesting that diagenesis has not severely affected the primary d13C values.
R.M. Phelps et al. / Cretaceous Research 54 (2015) 117e144 121the inﬂuence of potentially unique sample compositions or diage-
netic pathways. Three-point moving averages are used in mud-
dominated, subtidal intervals that exhibit less scatter in vertical
proﬁle and presumably experienced closed-system diagenesis.
Grain-dominated strata from intertidal, subtidal, and reefal settings
exhibit greater scatter in vertical proﬁle. These intervals experi-
enced more complex diagenetic histories and data are shown with
ﬁve-point moving averages. Open symbols denote data pairs with
erratic d18O or d13C values excluded from the moving averages.4.2.1. Humble oil e Pruitt #46 and Sun oil e Handy #1
The Pruitt #46 and Handy #1 cores together span ~235 m of the
Sligo Formation in the upper Hauterivian through lowermost
Aptian (Figs. 1, 2, 4). Lithofacies in the Pruitt #46 core are repre-
sentative of shallow-subtidal to intertidal middle-shelf environ-
ments. The Handy #1 core contains a progradational succession of
shelf depositional environments over reefal platform-margin en-
vironments. Paleontologic age control via rudists is poor. Segments
B1eB8 of Wissler et al. (2003) and C1eC2 of Menegatti et al. (1998)
are tentatively identiﬁed. Multiple high-frequency cycles of relative
sea level are present in each geochemical segment of both cores, yetcycle stacking patterns and vertical lithofacies proportions (i.e.
subtidal versus intertidal) appear unrelated to segment boundaries.
Multiple core gaps are present in the Hauterivian, but the Barre-
mian and lower Aptian intervals are nearly continuous.4.2.2. Magnolia petroleum e Mercer #1 and Gulf oil e Dix #20
The combined stratigraphy of the Mercer #1 and Dix #20 cores
spans the lower Aptian through the middle Albian (Figs. 1, 2, 5, 6).
Stratigraphic data and the d13C curve from the Mercer #1 core
provide a detailed record of the middle-shelf response to OAEs 1a
and 1b, as well as the intervening Fallot event. In the Mercer #1
proﬁle through the Pearsall Formation (Fig. 5), a negative excursion
to 0.3‰ d13C in clay-rich oyster biostromes is followed by an im-
mediate shift back to 3.3‰ d13C in the 5.6 m Pine Island Member.
Nannofossil data show that this interval corresponds to OAE1a
(Fig. 5). This shale member is overlain by molluscan grainstone and
oncoid rudstone shoreface strata of the James Member. The up-
permost James Member corresponds to the Fallot Event and con-
sists of echinoid-oyster wackestones to mudstones with minor
terrigenous clay fractions. Immediately overlying the James Mem-
ber are approximately 23 m of brown, Planolites-burrowed shale of
Fig. 4. Core and stable isotope data for the Handy #1 and Pruitt #46 wells. Open symbols for stable isotope pairs indicate data excluded from the moving average due to d13C or d18O
values that substantially deviate from surrounding data points or the general trend. Stage boundaries are suggested based on correlations to global reference proﬁles. Third-order
transgressive (T)/regressive (R) composite sequences (Comp Seq), lithostratigraphic formation units (Form.), and chemostratigraphic segments (Chem.) are also indicated.
Fig. 5. Core and stable isotope data for the Mercer #1 well. Calcareous nanno-fossil events show open or ﬁlled triangles for intervals with a high relative abundance of Eprolithus
ﬂoralis (E.f.) and Cyclagelopshaera margerelii (C.m.), respectively. Arrows refer to the lowest and highest occurrence of Eprolithus ﬂoralis, Cyclagelopshaera margerelii, Diazomatolithus
lehmanii (D.l.), and Nannoconus globulus (N.g.). The Nannoconid Crisis refers to the interval deﬁned by Erba (1994). NC 6 and NC 7 are deﬁned by Roth (1978). The concretionary
interval in the core coincides with the start of OAE 1b and diminished sedimentation rates. In chemostratigraphic segment AL7, C.h. refers to the regional marker event consisting of
abundant Corbula (Eoursivivas) harveyi bivalves.
Fig. 6. Core and stable isotope data for the Dix #20 well.
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fragments. The uppermost 10 m of Bexar shale (~0.5e1.0‰ d13C)
and the ﬁrst 28 m of clay-rich, echinoid-oyster wackestone/pack-
stone and oyster ﬂoatstone within the Glen Rose Fm (~2.1e3.2‰
d13C) are temporally equivalent to the OAE 1b set of F€ollmi et al.
(2006) (Fig. 5).
Younger intervals of the Mercer #1 and Dix #20 cores exceed
300m of subtidal to intertidal section in the 110e104Ma composite
sequence. Varied lithologies and fauna of this interval are typical of
the Comanche platform. Oysters and echinoids decrease in abun-
dance up section while miliolid foraminifera, Orbitolina forami-
nifera, stromatoporoids, and rudist bivalves increase in abundance.
Scatter in shelf-interior d13C proﬁles increases during the highstand
of the composite sequence due to more common occurrences of
dolomite and inferred short-term (~20e40 ka) subaerial exposure.
4.2.3. Shell oil e Tomasek #1
The Tomasek #1 core includes the middle to upper Albian Stuart
City shelf margin (Scott, 1990) and extends down into fore-reef and
ﬂooded shelf strata of the Glen Rose Formation (Figs. 1, 2, 7). The
d13C proﬁle is nearly continuous for 612 m and exhibits a remark-
ably clean signature. The lower 10 m contain subtidal shelf mud-
stones and oncolitic wackestones that chemostratigraphically
correspond to the end of OAE 1b. Above OAE 1b, approximately
200 m of globigerinid-bearing, oncolitic wackestones and subtidal
shelf mudstones reveal a d13C proﬁle that decreases from 4‰ to 3‰
in a serrate manner. The remainder of the core contains rudist-rich
lower slope breccias followed by prograding slope, reef, and back-
reef lithofacies of the Stuart City Formation with d13C values
ranging from 1.9e3.1‰.
4.2.4. Shell oil e W. Roehl #1
The Roehl #1 core includes the uppermost portion of the Albian
Stuart City margin and it extends into Planolites-burrowed shale of
the lower Cenomanian Del Rio Formation (Figs. 1, 2, 8). Reefal and
back-reef facies contain d13C values from 3.0e3.7‰. The top 10m of
strata prior to drowning of the Stuart City margin near the Albian-
Cenomanian boundary contain multiple beds of burrowed
gastropod-peloid wackestone and rudist back-reef bafﬂestone in a
black, lime-mud-dominated matrix. Rudists in these units have
thin valves and may have grown under stressed environmental
conditions. Carbon isotope ratios of this interval decrease to 2.7‰
and approximate the chemostratigraphic position of OAE 1d. The
subsequent onset of burrowed shale deposition marks the Albian-
Cenomanian boundary event (Gale et al., 1996).
4.2.5. Dixel resources e Jablonski #1
The Jablonski #1 core completes the carbon isotope proﬁle for
the lower to middle Cenomanian. This interval encapsulates 11.5 m
of globigerinid- and calcisphere-bearing burrowed shale in the Del
Rio Formation and 10 m of globigerinid-rich subtidal-shelf
mudstone/wackestone in the lower third of the Buda Formation
(Figs. 1, 2, 8). The Del Rio Formation and equivalent units are early
Cenomanian in age, as is the Buda Formation (Scott et al., 2002;
Scott and Kerans, 2002). Carbon isotope values oscillate between
1.25 and 1.9‰. Several points are removed because of diageneti-
cally related scatter in the d18O data set. The signature of the
Albian-Cenomanian boundary event at the base of the Del Rio
Formation is less clear in this core and may be omitted at a surface
of non-deposition.
4.2.6. Prairie producing e Brechtel #1
The Brechtel #1 core includes a nearly continuous section of
middle Cenomanian through lower Campanian strata from the
middle-platform setting, including the upper Buda Formation, theEagle Ford Group, and the Austin Chalk Group (Figs. 1, 2, 9). Each
unit includes planktic foraminifera and calcispheres characteristic
of a ﬂooded shelf in a deep-subtidal setting. Within Thalassinoides-
and Planolites-burrowed peloidal wackestones of the Buda For-
mation, d13C values range from 1.5 to 2.1‰ before trending to
progressively lighter values approaching 0.5‰ in the upper 3 m
beneath the Eagle Ford Group. This contact is temporally equivalent
to the Mid-Cretaceous Unconformity in many areas of the Gulf of
Mexico (Bufﬂer et al., 1980; Faust, 1990) and forms the top of the
lower Cenomanian 101e96 Ma composite sequence. One and one-
half meters of planar-laminated black shale in the lower Eagle Ford
Group are followed by 7.5 m of intercalated, planar-laminated shale
and foraminiferal calcareous siltstone with bentonite horizons.
Both lithofacies assemblages were deposited under anoxic to dys-
oxic conditions at the sediment-water interface and locally contain
greater than 9 wt. % TOC (Arthur and Sageman, 1994; Dawson,
1997). Calcareous nannofossils in the core highlight an upper
Cenomanian through Turonian unconformity between the Eagle
Ford and Austin Chalk groups; however, Turonian-age Eagle Ford
Group strata are found in outcrops of central Texas (Jiang, 1989).
The overlying bioturbated, argillaceous to glauconitic chalks of the
Austin Chalk Group are Coniacian through early Campanian in age.
Although burrowed and deposited under relatively more oxygen-
ated conditions, Austin Chalk lithofacies contain up to 3.7% TOC
(Grabowski, 1995). Carbon isotopes values from the Eagle Ford and
Austin Chalk groups are bound in the range of approximately
0.5e2‰.
5. Correlation to reference proﬁles
Reference d13C proﬁles recording secular changes in the global
carbon cycle are available formost stages of the Cretaceous, some of
which are calibrated to numerical time scales (Scholle and Arthur,
1980; Jenkyns, 1995; Menegatti et al., 1998; Gale et al., 1996;
Bralower et al., 1999; Erba et al., 1999; Stoll and Schrag, 2000;
Wissler et al., 2003; Herrle et al., 2004; Weissert and Erba, 2004;
F€ollmi et al., 2006; Godet et al., 2006; Jarvis et al., 2006;
Vahrenkamp, 2010; Giorgioni et al., 2012). Time-calibrated refer-
ence proﬁles are used as a basis for correlation of d13C curves
originally plotted against their respective stratigraphic sections.
Stage boundaries and paleontologic zonations of planktic forami-
nifera, ammonites, and nannofossils provide pinning-points for
comparison and scaling of d13C curves from thickness to time
representations. Excursions in d13Corg proﬁles are assumed to
mimic those of d13C proﬁles derived from carbonate material;
however, their absolute values and magnitudes signiﬁcantly differ
(Kump and Arthur, 1999).
5.1. Hauterivian e Barremian isotope proﬁles
The compiled proﬁle of F€ollmi et al. (2006) from the Vocontian
Trough in the northern Tethys is used as the time-calibrated
reference curve for the Hauterivian-Barremian interval (Fig. 10).
Secondary reference proﬁles are from the Cismon Apticore of the
central Tethys (Erba et al., 1999) and from Resolution Guyot of the
mid-Paciﬁc (Jenkyns, 1995).
A concave-right d13C trend straddles the Hauterivian-Barremian
boundary and is present in all data excluding the Vocontian Trough
(Fig.10). This signature spans 3myr andmay be characteristic of the
stage boundary outside of the northern Tethys. Excluding the
Vocontian Trough data, the Barremian proﬁle from south Texas is
consistent with the reference proﬁles in segments B1eB3 and
B6eB8. Correlation in segments B4eB5 is tenuous and chemo-
stratigraphic trends are generally inconsistent. A prominent nega-
tive excursionwith amplitude ranging from 0.8e2.5‰ is associated
Fig. 7. Core and stable isotope data for the Tomasek #1 well. Arrows represent the highest and lowest occurrence of key biostratigraphic index fossils discussed in the main text.
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Fig. 8. Core and stable isotope data for the Roehl #1 and Jablonski #1 wells. The late Albian rudist, Mexicaprina sp. (*M.), provides some biostratigraphic control.
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Fig. 9. Core and stable isotope data for the Brechtel #1 well. Selected samples in the Buda Formation and lowermost Austin Chalk Group are barren of calcareous nannofossils.
Arrows in the Nanno Events section refer to the lowest and highest occurrences of: Lithraphidites acutus (L.a.), Axopodorhabdus albanius (A.a.), Corollithion kennedyi (C.k.), Helenea
chiastia (H.c.), Cretarhabdus loriei (C.l.), Rhagodiscus achlyostaurion (R.a.) and Lithastrinus moratus (L.m.). Note the substantial unconformity that has removed most of the Turonian
section and the record of OAE 2 at this location.
Fig. 10. Correlation of Comanche Platform d13C data to Hauterivian and Barremian reference proﬁles. Segments B1eB8 and C1eC2 are from Wissler et al. (2003) and Menegatti et al. (1998), respectively.
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R.M. Phelps et al. / Cretaceous Research 54 (2015) 117e144130with the Barremian-Aptian stage boundary (C1eC2 transition) and
is well deﬁned in all records.
The broad character and excursions of the Vocontian Trough
composite proﬁle are generally dissimilar to those of the Cismon,
Resolution Guyot, and Comanche Platform data sets during the
Hauterivian and Barremian stages. As discussed at length by F€ollmi
et al. (2006), this dissimilarity may be the result of changing
nutrient levels, modes of carbonate sediment production (hetero-
zoan vs photozoan), and dominant mineralogy (Godet et al., 2006)
in the north Tethyanmargin. Alternatively, disparate sedimentation
rates between the regions could account for the differences
(Wissler et al., 2003). South Texas data somewhat conform to the
Cismon Apticore record in the central Tethys but best match the
proﬁle from Resolution Guyot in the mid-Paciﬁc. Greater similarity
between Comanche Platform and Resolution Guyot d13C proﬁles
may reﬂect the consistent photozoan faunal assemblages and pri-
mary aragonite/calcite ratios at those sites.
5.2. Aptian isotope proﬁles
Secular d13C changes in the Aptian (Fig. 11) are constrained in
the Vocontian Trough by data with centimeter-scale sample
spacing and high-resolution biostratigraphy (Moullade et al., 1998;
Herrle et al., 2004; F€ollmi et al., 2006). Additional reference proﬁles
are available from the Shu'aiba Formation of the southern Tethys
(Vahrenkamp, 2010) and from hemipelagic sediments of the
western Gulf of Mexico (Bralower et al., 1999). Segments C2eC8
(Menegatti et al., 1998) and Ap6-AL6 (Herrle et al., 2004) are used
for correlation (Fig. 11). In comparison to the reference curves, data
from the Comanche Platform are widely spaced through much of
the Aptian, yet many chemostratigraphic segments are generally
identiﬁable.
Lowermost Aptian strata on the Comanche platform include
cyclic, subtidal to intertidal carbonates in the regressive portion of
the 136e124 Ma CS and the transgressive portion of the
124e119 Ma CS (upper Sligo Formation). Terrigenous clay pro-
portions increase upward in segment C2 and preceded the onset of
OAE 1a by approximately 2.5 m or 500 ka. This clay increase
occurred during the nannoconid crisis of the NC6 zone (Roth, 1978;
Erba, 1994). This interval displays a negative excursion from 3.2‰
to 0.3‰. At the time, skeletal-oyster wackestone/packstone and
oyster biostromes spread across the shelf. The trough of the
excursion at segment C3 is in a reworked oyster biostrome with a
clay-rich matrix. Deposition of Planolites-burrowed shale in the
Pine Island Member ensued during segments C4eC6 of the NC7
zone. These segments of OAE 1a coincide with a local acme of
Cyclagelosphaera margerelii, as well as the Niveau Goguel (Herrle
et al., 2004) and Livello Selli events (Arthur et al., 1990; Erbacher
and Thurow, 1997). Cyclagelosphaera margerelii has been shown
resistant to excessive nutrients and prospered in conditions of
bottom-water anoxia (Lees et al., 2006). Maximum ﬂooding of the
124e119 Ma supersequence coincides with OAE 1a. Shale deposi-
tion and drowning of the Comanche Platform during OAE 1a is
congruent with the response of northern Tethyan platforms (F€ollmi
et al., 1994; Weissert et al., 1998; Wissler et al., 2003). Termination
of carbonate sedimentation in the Gulf of Mexico suggests that
time-equivalent Lithocodium-Bacinella blooms in the Shu’aiba and
Adriatic platforms (Vahrenkamp, 1996, 2010; Groetsch et al., 1998;
Immenhauser et al., 2005; Huck et al., 2010; Rameil et al., 2010)
were a sedimentary response conﬁned to the central and southern
Tethys.
Following OAE 1a, carbonate sedimentation resumed with
deposition of oyster wackestones, oncoid rudstones, and molluscan
grainstones in the highstand of the 124e119 Ma CS. Nannofossil
assemblages increase in diversity upward until segmentsAp10-Ap11. At this level, the Fallot event (Friedrich et al., 2003) is
present in all four comparison proﬁles and marks the second
drowning episode on the Comanche Platform. The connection be-
tween platform drowning and the Fallot event indicates this envi-
ronmental perturbation not only caused elevated rates of organic
carbon burial in the Gulf of Mexico, Vocontian Basin, and eastern
Paciﬁc (Bralower et al., 1999; Friedrich et al., 2003), but also sub-
stantially disrupted shallow-marine ecosystems.
Shale deposition in the Bexar Member transpired during seg-
ments Ap12-AL2 following the Fallot event. The Jacob, Killian, and
Paquier events of the Aptian-Albian OAE 1b set are equivalent to the
upper Bexar shale interval, although limited carbonate sedimen-
tation resumed prior to the Leenhardt event (Figs. 2, 5, 11).
Maximum ﬂooding of the 124e119 Ma CS at the start of OAE 1b is
manifest by a 2-m-interval with fractured calcite and chert con-
cretions, possibly indicative of condensed sedimentation rates.
Isotope values of matrix sediment in this interval range
from3.51‰ to0.40‰ d13C (Figs. 5,11). These values are far lower
than any comparable reference proﬁle and likely reﬂect diagenesis.
At this level, C. margerelii reappears. Eprolithus ﬂoralis exhibits a
relative acme in the latter stages of OAE 1b. This acme may have
occurred during a biocalciﬁcation crisis in which other calcareous
nannofossils were not present or were dissolved, whereas E. ﬂoralis
was resistant to acidic conditions (Bralower, 1988). Prediscophaera
columnata, which marks the base of zone NC8, was not found in the
south Texas cores and leaves some ambiguity in the stratigraphic
correlation to reference proﬁles.
Lower to middle Aptian excursions in the north Tethyan
Vocontian Trough data (F€ollmi et al., 2006) are replicated closely by
the Comanche Platform curve and other proﬁles (Bralower et al.,
1999; Vahrenkamp, 2010). The upper Aptian to lowermost Albian
character of the d13C curve in segments AP15-AL2 is poorly deﬁned
relative to the Vocontian Trough data, with no positive excursions
observed in segments AP15 and AL1 at the Jacob and Killian levels.
The resolution of the Comanche Platform curve is poor in these
intervals and clearly is affected by local diagenesis and concretion
precipitation. In contrast, the occurrence of positive excursions in
the basal Albian segments AL3, AL4, and AL6 matches those
observed in the reference proﬁles. However, the magnitude of
those excursions varies among the four proﬁles, suggesting local
diagenetic or oceanographic overprints (platform vs basinal water)
may be a factor in one or more locations.
5.3. Albian isotope proﬁles
Reference proﬁles for the Albian include those from the Apen-
nine Mountains of the western Tethys (Giorgioni et al., 2012),
Resolution Guyot (Jenkyns, 1995), northern Mexico (Scholle and
Arthur, 1980; Bralower et al., 1999), the Nahr Umr Formation of
Oman (Immenhauser et al., 2001), and Blake Nose in the western
Atlantic (Wilson and Norris, 2001). Correlations are hampered by
the lack of a time-calibrated d13C reference curve (Fig. 12). None-
theless, ages published for the Blake Nose proﬁle and the Nahr Umr
Formation (Immenhauser et al., 2001; Immenhauser and Scott,
2002) provide some time constraints and foram zonations are
provided in Giorgioni et al. (2012). Although the data from Oman
have been extensively overprinted by subaerial exposure surfaces,
the broader trends created by successive samples appear consistent
with other data sets. Above the basal Albian Leenhardt level,
remaining Albian data from pelagic successions in the Apennines
exhibit approximately 1.2‰ variation in value and show muted
character. Other proﬁles show approximately 1.5e2.1‰ variation
through the same interval. Further, geographically similar proﬁles
from northern Mexico and the Comanche Platform show a negative
drift through the Albian, whereas this drift is minimal in the
Fig. 11. Correlation of Comanche Platform d13C data to reference proﬁles of the Aptian Stage. Chemostratigraphic segments C2eC8 and AP6-AL6 are from Menegatti et al. (1998) and Herrle et al. (2004), respectively. The Comanche
Platform open symbol denoted by an asterisk in segment AP15 has a value of 3.51‰ d13C. Triangles indicate intervals with high relative abundance of Eprolithus ﬂoralis (E.f.) and Cyclagelopshaera margerelii (C.m.). Arrows refer to the
lowest and highest occurrence of Eprolithus ﬂoralis, Cyclagelopshaera margerelii, Diazomatolithus lehmanii (D.l.), and Nannoconus globulus (N.g.). The ﬁlled circle represents the reappearance of C. margerelli. The nannoconid crisis interval
deﬁned by Erba (1994) is denoted with arrows labeled N.C. Zones NC 6 and NC 7 are deﬁned by.Roth (1978)
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Fig. 12. Correlation of Comanche Platform d13C data to reference proﬁles of the Albian Stage. Chemostratigraphic segments AL2-AL6 and C11eC15 are from Herrle et al. (2004) and Bralower et al. (1999), respectively. Segments AL7-AL19
are deﬁned using Comanche Platform data. Arrows represent biostratigraphic highest or lowest occurrence for Colomiella recta (C.r.), Dictyoconus walnutensis (D.w.), Coskinolinoides texanus (C.t.) Microcalamoides diversus (M.d.) and
Mexicaprina sp. (*M).
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R.M. Phelps et al. / Cretaceous Research 54 (2015) 117e144 133Apennines and not present in Resolution Guyot. In the Comanche
Platform, the most positive excursion to 4.1‰ occurs above OAE 1b
(Figs. 11, 12), which is consistent with d13Ccarb data from Peregrina
Canyon in Mexico, Resolution Guyot, and the Shuiaba Formation in
Oman (Scholle and Arthur, 1980; Jenkyns, 1995; Vahrenkamp,
2010). Absolute d13Ccarb values among these locations are also
similar. These data sets are distinct from the Vocontian Trough
shifts and the d13Corg data from Santa Rosa Canyon in Mexico,
which show the most positive excursions within OAE 1b (Bralower
et al., 1999; F€ollmi et al., 2006). These observations again suggest
that regional oceanographic differences exerted an impact on the
isotopic record of some areas.
Albian d13C excursions are divided by chemostratigraphic seg-
ments C11eC15 (Bralower et al., 1999) and AL2eAL6 (Herrle et al.,
2004). Albian segments AL7eAL16 are deﬁned here using data
from the Tomasek #1 and Roehl #1 cores (Figs. 7, 8). Following the
methodology of Wissler et al. (2003), new segment boundaries are
marked by d13C proﬁle turning points, changes in gradient, or
excursion shape. Moreover, each segment is recognizable in mul-
tiple reference proﬁles.
After OAE 1b and the positive shift to values of 4.1‰ d13C in AL6
of the early Albian, an oscillatory decrease to values of 3.5e3.6‰ in
AL7 was followed by a concave-right decrease to 3.1‰ and increase
to 3.4‰ in AL8. A pronounced peak, trough, and peak in segment
AL9 corresponds to an inﬂux of terrigenous clay in distal, subtidal
shelf. The base of AL9 contains the youngest occurrence of the early
Albian microfossil Colomiella recta (Scott, 1990). The base of AL10
contains the oldest occurrence of two middle Albian taxa, the
foraminifera Dictyoconus walnutensis and the microfossil Micro-
calamoides diversus (Scott, 1990). The negative trend to 2.4‰ in AL
10 is followed by a concave-left trend to increasing to values of
2.6‰ and then decreasing to values of 2.1‰ in segment AL11. AL12
shows an oscillatory decrease to a minimum of 2.0‰, followed by a
slow increase to 2.2‰ in AL13. A rapid increase to a range of
2.5e3.0‰ occurs at the base of AL14. Carbon isotope data from the
Roehl #1 core in AL14 are heavier than the Tomasek #1 data by
approximately 0.5‰, but follow a similar pattern. The top of AL14 is
marked by the youngest occurrence (late Albian) of D. walnutensis
in the Tomasek #1core and the ﬁrst occurrence of the late Albian
rudist Mexicaprina sp. in the Roehl #1 core. In AL15, the Roehl #1
data decrease from 3.6‰ to 3.0‰ in a manner that follows data
from the western Atlantic at ODP site 1052 (Wilson and Norris,
2001). AL16 is deﬁned by a further decrease to 2.8‰ and may be
equivalent to OAE 1d. In south Texas, the signature of OAE 1d is not
present or poorly developedwhen compared to the high-resolution
record documented by Wilson and Norris (2001) (Fig. 12).
5.4. Cenomanian isotope proﬁles
Speeton section d13C data from England (Jarvis et al., 2006)
provide a time-calibrated record of secular variability in the Cen-
omanian Stage (Fig. 13). High-resolution data from the Natih For-
mation of Oman (Vahrenkamp, 2013) and organic carbon data from
the Atlantic coast of Morocco (Gertsch et al., 2010) serve as addi-
tional records. Correlation of lower Cenomanian events is compli-
cated by low-amplitudes of the excursions (<0.5‰). Because
Comanche Platform data from the Jablonski #1 proﬁle exhibit less
scatter compared to the Roehl #1 core, the moving average of the
Jablonski #1 data is used for correlation where available.
The negative shift in values associated with the Albian-
Cenomanian boundary event (Gale et al., 1996) coincides with the
top of the Stuart City reef margin and the shift to shale deposition.
The positive excursion in the reference proﬁles is not observed in
south Texas, possibly due to a submarine hiatus at the contact be-
tween the Stuart City and Del Rio formations, or poor resolution ofthe data. Three positive excursions identiﬁed by Jarvis et al. (2006)
as lower Cenomanian events 1e3 are present in shelfal carbonates
from Oman and in Planolites-burrowed shale of the Del Rio For-
mation. Calcareous nannofossil samples are barren in the Del Rio
Formation, yet ammonites from the Del Rio and equivalent Grayson
formations are early Cenomanian in age (Kennedy et al., 2005).
Oscillatory trends in the globigerinid-bearing lower Buda Forma-
tion are inconsistent with the Engish Chalk and Natih Formation
data, yet the three records provide a better ﬁt surrounding the mid-
Dixoni event. Biostratigraphic analysis suggests an early to middle
Cenomanian age of the Buda Formation (Scott et al., 2002).
Near the level of the mid-Cenomanian event, a prominent
negative trend from 2.0‰ to 0.5‰ is present in the upper 4m of the
Buda Formation (Fig. 13). This trend may reﬂect a regional envi-
ronmental perturbation that caused progressively more negative
d13C values and culminated in deposition of anoxic black shales in
the overlying Eagle Ford. The negative d13C trend in the upper Buda
and lowermost Eagle Ford is broadly consistent with the Moroccan
proﬁle (Gertsch et al., 2010) and perhaps represents degrading
environmental conditions on the Comanche Platform. All four
proﬁles display a 1.0e1.5‰ positive excursion at the Mid-
Cenomanian Event.
The shift to 0.5‰ in the upper Buda is substantially more
negative than any of the comparison data sets. This may reﬂect a
diagenetic overprint derived from isotopically light pore ﬂuids
generated during sulfate reduction of organic matter in the over-
lying Eagle Ford shale (Irwin et al., 1977; Harbor, 2011). Sulfate
diagenesis also possibly affected d13C data in organic-rich shales of
the Eagle Ford interval. The absolute d13C values in south Texas are
in the range of 0.5e1.8‰, which is signiﬁcantly lower than the
2.0e3.0‰ range observed in the reference proﬁles. Oxygen isotope
values also show a strong negative shift in the Eagle Ford interval of
the Brechtel core and suggest some diagenetic overprint (Fig. 9).
Nevertheless, d13C excursions in the Comanche Platform corre-
spond to those of the reference sections and nannofossils demon-
strate a middle to late Cenomanian age for most of the Eagle Ford
Formation in this area. These black shales and mixed shale/calcar-
eous siltstones represent maximum ﬂooding of the 101-80 Ma
Supersequence. A regional, intra-formational submarine uncon-
formity at the youngest occurrence of Corollithion kennedyi
removed the uppermost Cenomanian through Turonian interval.
Hence, the record of OAE 2 is not recorded in Comanche Platform
dataset.
5.5. Turonian e Campanian isotope proﬁles
The Turonian through Campanian section of the English Chalk
d13C curve (Jarvis et al., 2006) is well matched by high-resolution
data from the southern neo-Tethys of Tibet (Wendler et al., 2009)
and central Tethys of Italy (Stoll and Schrag, 2000). Although the
upper Cenomanian to upper Turonian interval is unconformable in
the Brechtel #1 core, 4 ft of uppermost Turonian, laminated to
lightly-burrowed shale/calcareous siltstone is present above the
unconformity (Fig. 14). More conformable outcrops outside the
study area contain biostratigraphic and chemostratigraphic evi-
dence of OAE 2 in the upper Eagle Ford Formation (Donovan et al.,
2012). Thus the temporal extent of dysoxia/anoxia lasted from
middle Cenomanian through Turonian on much of the platform. In
the Brechtel #1 proﬁle, a concave-left trend toward more positive
values during the Coniacian contains the White Fall Event. A d13C
minimum at the Coniacian-Santonian boundary is followed by a
positive d13C trend in the Santonian to lower Campanian. Much of
the Austin Chalk corresponds to OAE 3 and is comprised domi-
nantly of cocoliths and bivalve fragments, yet it is low in total
organic carbon. The oldest and youngest occurrence of Rhagodiscus
Fig. 13. Correlation of Comanche Platform d13C data to reference proﬁles of the Cenomanian Stage. The symbol denoted by an asterisk has a value of 0.64‰ d13C. Calcareous nannofossils deﬁne the late Cenomanian age of the Eagle
Ford in this core. Key occurrences are for Lithraphidites acutus (L.a.), Axopodorhabdus albanius (A.a.), Corollithion kennedyi (C.k.), Helenea chiastia (H.c.) and Cretarhabdus loriei (C.l.).
R.M
.Phelps
et
al./
Cretaceous
Research
54
(2015)
117
e
144
134
Fig. 14. Correlation of Comanche Platform d13C data to reference proﬁles of the Turonian through lower Campanian stages. Key nannofossils are Rhagodiscus achlyostaurion (R.a.), and Lithastrinus moratus (L.m.). The record of OAE 2 in
this area of the Comanche Platform is removed by a Turonian unconformity within the upper Eagle Ford.
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Fig. 15. Response of the Comanche Platform to OAEs, showing schematic depositional proﬁles and simpliﬁed lithofacies distributions prior to, during, and following each OAE. Not
drawn to vertical scale. d13C proﬁles are from the composite curve shown in Fig. 17.
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R.M. Phelps et al. / Cretaceous Research 54 (2015) 117e144 137achlyostaurion and Lithastrinus moratus, respectively, provide some
biotstratigraphic control.
6. OAE control of Comanche platform drowning events
On four separate occasions, low-amplitude eustatic sea-level
rise and environmental stress surrounding oceanic anoxic events
1a, 1b, 1d, and 2 caused termination of carbonate sediment depo-
sition on the Comanche Platform. Two such periods caused the
demise of aragonite-dominated, phototrophic carbonate systems
with high-angle, rimmed shelf depositional proﬁles. Shale deposi-
tion accompanied or immediately followed each episode of plat-
form drowning. Causal mechanisms of the OAEs and associated
platform drowning events are generally a consequence of increased
submarine volcanism in large igneous provinces (Sinton and
Duncan, 1997; Larson and Erba, 1999; Weissert and Erba, 2004;
Kuroda et al., 2007).
Notably, large igneous province volcanism caused displacement
of ocean-water by submarine volcanic material, which was
expressed by eustatic sea level rises. Volcanism also increased at-
mospheric pCO2 concentrations and caused greater ocean water
acidity; processes that led to global warming, intensiﬁcation of the
hydrologic cycle, increased continental run-off andweathering, and
biocalciﬁcation crises of calcareous organisms. Leaching of volcanic
metals by submarine hydrothermal water was combined with
greater transport of phosphorous from land to the marine realm.
This nutrient delivery stimulated primary productivity in the
world's oceans and ultimately led to locally anoxic conditions of
varying severity (Erbacher et al., 1996; Bralower et al., 1999; Larson
and Erba, 1999; Kump and Arthur, 1999; Weissert and Erba, 2004;
Mort et al., 2007; Emeis and Weissert, 2009; Mehay et al., 2009;
Tejada et al., 2009; Erba et al., 2010).
6.1. Early Aptian drowning event
Transgression during the early Aptian (124e119 Ma) composite
sequence and the effects of OAE 1a drowned the shelf and reef-
margin carbonates of the Sligo Formation (Figs. 2, 15). Submarine
volcanism in the Ontong-Java Plateau (Larson, 1991; Larson and
Erba, 1999; Tejada et al., 2002) coincided with an early Aptian
eustatic rise that is observed in global stratigraphic records (Haq
et al., 1988; Roehl and Ogg, 1996; Sahagian et al., 1996; Lehmann
et al., 2000; Van Buchem et al., 2010; Phelps et al., 2014). Prior to
OAE 1a, increasing clay mineral content in transgressive Sligo shelf
carbonates of segment C2 is indicative of greater terrestrial weath-
ering and/or decreased carbonate sedimentation rates (Figs. 5, 11).
Undecompacted sediment accumulation rates at this timedecreased
by more than 60%, from 2.6 cm/kyr to 1.0 cm/kyr. The global nan-
noconid crisis suggestive of decreasing ocean-water pH during
segments C3eC4 (Erba,1994; Bralower et al., 1999; Larson and Erba,
1999; Erba et al., 2010) caps retrogradational patterns of calcitic,
echinoid-oyster wackestones and argillaceous oyster biostromes on
the shelf (Fig. 15). Increased terrigenous clay input, the rise in
eustatic sea level, and the surge in ocean-water acidity increasingly
stressed the carbonate factory, as evidenced by: (1) establishment of
an oyster-dominated fauna, (2) decreasing Sligo shelf sediment
accumulation rates, and (3) eventual drowning of the platform.
These conditions arose prior to the Livello Selli event in OAE 1a and
are paired with decreasing d13C values consistent with increased
output of depleted volcanogenic CO2 (Mehay et al., 2009). The spe-
ciﬁc event that triggered OAE 1a may be related to catastrophic
methane hydrate release or simply a spike in atmospheric pCO2
(Jahren et al., 2001; Mehay et al., 2009; Vahrenkamp, 2010).
Development of OAE 1a during segments C4eC6 in Pine Island shale
occurred during maximum ﬂooding of the Aptian (124e119 Ma)composite sequence and the broader Aptian-Albian Supersequence
(Phelps et al., 2014). This burrowed shale unit contains ammonites
and numerous plant fragments in landward cores located nearly
130 km from the Barremian shelf-edge (Fig. 4). Over the former shelf
margin, Pine Island lithofacies transition to ammonite-rich, planar-
laminated black shale indicative of dysoxic to anoxic conditions
(Hull, 2011). Sediment accumulation rates in the middle-platform
dropped to 0.55 cm/kyr, indicating that the dramatic increase in
relative sea-level resulted from a moderate eustatic rise (20e30 m)
that was greatly enhanced by diminished sedimentation rates and
subsidence of the passive margin.
During and immediately following OAE 1a, carbonate sedi-
mentationwas largely restricted to shoreface systems of the Aptian
(124e119 Ma) composite sequence (Fig. 15). Molluscan grainstone
ramp clinoforms prograded from the Llano uplift and grade down
depositional dip into oncoid rudstones to echinoid-oyster wacke-
stones that distally interﬁnger with dysoxic, burrowed shale of the
upper Pine Island Member (Loucks, 1976; Hull, 2011; Phelps et al.,
2014). Because sediment accumulation rates remained low at
0.6 cm/kyr, progradation of carbonate clinoforms was not the result
of increasing carbonate factory productivity, but rather a product of
falling eustatic sea-level and diminished siliciclastic clay inﬂux.
Low sedimentation rates and a calcite-dominated, heterotrophic
fauna dominated by oysters imply that the recovering carbonate
factory continued to languish in stressed environmental conditions
following OAE 1a.
6.2. Late Aptian drowning event
The second drowning episode of the platform and the onset of
burrowed-shale deposition began with the Fallot Event and
continued through the Paquier event of the OAE 1b set. The Fallot
Event and the OAE 1b set were preceded by long-term negative d13C
trends in segments Ap8eAp9 and Ap12eAp15, respectively
(Fig. 11). Similar to OAE 1a, eustatic rise in the late Aptian
(119e110 Ma) composite sequence and negative d13C excursions
were coincident with large igneous province volcanism in the
Nauru-Mariana Basin and the Kerguelen Plateau (Duncan, 2002;
Tejada et al., 2002; Weissert and Erba, 2004; Phelps et al., 2014).
Following the analogy to OAE 1a, platform drowning likely
resulted from a combination of increasing ocean acidiﬁcation
(Weissert and Erba, 2004), increased terrigenous clay inﬂux, and
low amplitude eustatic sea level-rise (~10e20 m). Shale deposition
and deepening of relative sea-level were augmented by minimal
sediment accumulation rates of 0.35 cm/kyr and continued shelf
subsidence. Planolites-burrowed Bexar shale of the middle-
platform transitioned distally to planar-laminated shale above the
former shelf-margin (Hull, 2011).While shale facies were deposited
across most of the shelf, the shoreline consisted of glauconitic sil-
iciclastic sandstone with carbonate caliche proﬁles in the Hensel
Formation (Amsbury, 1996; Phelps et al., 2014). Oyster wackestone
biostromes were transitional between shoreline siliciclastic sand-
stones and offshore shale (Fig. 15). Signiﬁcantly, drowning of the
platform and shale deposition in the Bexar Member commenced
following the Fallot Event and largely preceded OAE 1b by
approximately 5 myr.
After the Paquier Event in AL 2, carbonate sedimentation
resumed as echinoid-oyster wackestones and oyster wackestones
interﬁnger with distal shales during the temporal equivalent of the
Leenhardt event and the remainder of OAE 1b (Figs. 2, 15).
Following OAE 1b in transgression of the early Albian (110e104Ma)
composite sequence, shallow-marine packstone to grainstone cy-
cles of the lower Glen Rose were conﬁned to the inner-ramp, while
the middle-ramp was dominated by environmentally stressed
echinoid-oyster and Orbitolina assemblages (Fig. 15). In deeper
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into oncoid wackestones in segments AL5eAL6. The later wide-
spread occurrence of aragonitic fauna in coral-rudist biostromes
and patch reefs (Perkins,1974; Loucks and Kerans, 2003; Scott et al.,
2007) represented the return of normal marine conditions on the
platform during segment AL 7.6.3. Albian-Cenomanian drowning event
Continued phototrophic sedimentation in the middle to late
Albian transformed the ramp proﬁle into a rimmed-shelf with
high-angle morphologies (Fig. 2). OAE 1d in the latest Albian is in
the transgressive systems tract of the 101e96 Ma composite
sequence and preceded the demise of the Stuart City reef margin.
The change to black rudist ﬂoatstones and peloid-gastropod
wackestones in the uppermost Albian portion of the reef margin
suggests environmental stress surrounding OAE 1d played a role in
shelf-margin drowning (Figs. 8, 12). However, the Albian-
Cenomanian boundary event best matches the precise occurrence
of platform drowning and may have played a greater role in demise
of the proliﬁc Albian carbonate factory. Although no late Albian
volcanism in large igneous provinces is currently documented,
several other carbonate platforms simultaneously drowned,
possibly as a result of OAE 1d or the Albian-Cenomanian boundary
event (Groetsch et al., 1993). Maximum ﬂooding of the 101e96 Ma
composite sequence followed during deposition of Del Rio shale.
Similar to sediments deposited surrounding OAEs 1a and 1b, fauna
in the Del Rio Formation is dominated by oysters and agglutinated
foraminifera (Fig. 15) (Lock et al., 2007). Incomplete recovery of the
carbonate system occurred with deposition of subtidal shelf pack-
stone/wackestone in the Buda Formation, which contains common
oysters, gastropods, and coccoliths (Figs. 8, 15).6.4. Mid-Cenomanian drowning event
The fourth drowning episode of the Comanche platform and
deposition of Eagle Ford black shale transpired during trans-
gression of the 96e80 Ma composite sequence and the lower fre-
quency 101e80 Ma supersequence. Similar to OAEs 1a and 1b, OAE
2 is temporally linked to volcanism in large igneous provinces from
the Caribbean, Madagascar and the Ontong-Java oceanic plateaus
(Sinton and Duncan,1997; Kuroda et al., 2007; Turgeon and Creaser,
2008; Elrick et al., 2009). However, as with OAE 1b, biostratigraphy
and chemostratigraphy demonstrate that deposition of organic-
rich black shale in the Eagle Ford Group commenced approxi-
mately 2 myr prior to the global deﬁnition of OAE 2. Rather,
organic-rich shale deposition on the Comanche Platform followed
the mid-Cenomanian event and is not coupled with OAE 2. Simi-
larly, the Natih Formation of Oman contains a locally anomalous,
organic rich shale interval that followed the mid-Cenomanian
event and substantially preceded OAE 2 (Fig. 13; Vahrenkamp,
2013). Late Cenomanian shale/calcareous siltstones in the Brech-
tel #1 core of the middle-ramp changed facies distally into lami-
nated black shale above the former shelf margin (Fig. 15). Faunas in
these facies are calcitic and largely consist of planktic foraminifera,
inoceramid bivalves, and coccoliths.
Following OAE 2 and continued deposition of Turonian anoxic/
dysoxic shale, Coniacian through lower Campanian chalk lithol-
ogies were deposited during OAE 3 (Jenkyns, 1980; Locklair et al.,
2011). Although isolated shallow-water faunas are present in
landward areas of the Campanian section (Swezey and Sullivan,
2004), faunal assemblages across the broader Comanche platform
continued to consist primarily of coccoliths, oysters, and forami-
nifera. Thus the shallow-marine carbonate factory did not fullyrecover from the environmental stress that accompanied OAE 2 and
persisted into OAE 3.
7. Platform drowning and recovery surrounding oceanic
anoxic events
Synthesis of carbon isotope proﬁles, biostratigraphy, facies
trends, and sequence stratigraphic interpretations reveals a
pervasive environmental control on the Aptian-Albian and
Cenomanian-Campanian Supersequences of the Comanche Plat-
form. Four platform ﬂooding events that terminated carbonate
sedimentation during the supersequences are associated with
OAEs. Composite sequences comprising the two main super-
sequences exhibit lithofacies proportions, platform geometries, and
faunal compositions that result from the four environmentally
controlled ﬂooding events. Not only were the composite sequences
containing an OAE affected, but the effects of environmental stress
also propagated through subsequent composite sequences. A four-
phase model describes the response of land-attached carbonate
platforms to changing environmental conditions surrounding OAEs
(Fig. 16). Results are speciﬁc to the Comanche Platform, but are
generally applicable to additional land-attached platforms such as
the northern Tethyan margin (F€ollmi et al., 1994, 2006). Not all
phases of the conceptual model are present surrounding each OAE,
rather the idealized model is intended to capture a full cycle of
platform drowning and stabilization. The model may be less
applicable in areas where environmental crises did occur, but
complete platform drowning did not transpire (D'Argenio et al.,
2004: Wissler et al., 2004; Millan et al., 2009; Huck et al., 2010;
Rameil et al., 2010).
The initial equilibrium phase (Fig. 16) assumes normal marine
conditions and the presence of a high-angle, rimmed shelf with an
aragonitic, coral- and rudist-dominated macrofauna. Additional
phototrophic organisms, such as miliolid foraminifera and green
algae, were present across the shelf. Examples include the
Hauterivian-Barremian Sligo shelf and the middle to late Albian
Stuart City margin. Values of d13C proﬁles were conﬁned in a nar-
row range and the relative proportion of terrigenous clay to car-
bonate accumulation was minimal. Eustacy was slowly increasing
to stationary, yet high sediment acccumulation rates (2.6e5.5 cm/
kyr; Phelps et al., 2014) led to decreasing accommodation with
aggradational to progradational shelf-margin trajectories and
regressive shelf-interior facies patterns.
In the crisis phase, increasing volcanism in large igneous prov-
inces led to greater atmospheric concentration of isotopically
depleted CO2 (Kump and Arthur, 1999) that is reﬂected in
decreasing d13C values (Fig. 16). Ocean-water acidity increased in
response to elevated pCO2 levels, and decreased saturation of
ocean-water with respect to CaCO3 reduced the calciﬁcation ability
of numerous aragonitic marine organisms such as coral, rudists,
and green algae (Gattuso et al., 1998; Kleypas et al., 1999; Riebesell
et al., 2000; Wissler et al., 2003). The link between increased pCO2
concentration and marine biocalciﬁcation rates is conﬁrmed by
documented nannoconid crises prior to the onset of oceanic anoxia
and deposition of organic-rich shale (Erba, 1994; Bralower et al.,
1999; Erba et al., 2010). During this crisis phase, d13C proﬁles
exhibit increasingly negative values and low-amplitude negative
spikes suggestive of degenerative environmental events. At this
time, the Comanche Platform exhibited transgressive facies pat-
terns in the uppermost Sligo Formation shelf, uppermost James
Member ramp, as well as the Georgetown Formation and upper-
most Stuart City shelf margin (Fig. 15). These intervals preceded
OAEs 1a, 1b, and 1d. They also form the transgressive systems tracts
of the early Aptian (124e119 Ma), late Aptian (119e110 Ma), and
Cenomanian (101-96 Ma) composite sequences. The Buda
Fig. 16. Schematic diagram illustrating phases of environmentally controlled, globally correlative transgressive-regressive sequences. Characteristics of the equilibrium, crisis,
anoxic/dysoxic, and recovery phases are discussed in the text. Graphs at left are a summary of multiple drowning events with estimated values for eustatic sea level, relative sea
level and shale proportion. The d13C curve is schematic.
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state of environmental crisis on the platform and preceded OAEs 2
and 3. Relative sea-level rise during periods of crisis was less a
result of rising eustacy and more a product of decreased carbonate
sedimentation rates in response to increasing ocean-water acidity.
Coral-rudist assemblages decreased in abundance or were absent,
oyster biostromes transgressed across the shelf, and terrigenous
clay began accumulating with increasing proportions. The ﬁnal
portion of this phase is marked by themost negative d13C excursion
and followed by strongly dysoxic to anoxic conditions.
Oceanic anoxic events, organic-rich shale deposition, and posi-
tive d13C excursions characterize the anoxic phase (Fig. 16).
Whether the immediate cause of anoxia was related to methane
hydrate release (Jahren et al., 2001), a spike in volcanic activity and
atmospheric pCO2 (Mehay et al., 2009), increased volcanic emission
of trace metals into the water column (Larson and Erba, 1999), or
simply greater pluviosity and nutrient input from ﬂuvio-deltaic
sources, the circumstances led to a peak in surface-water produc-
tivity, plummeting marine oxygen levels, and carbonate platform
drowning. Of critical importance is the observation that dysoxic to
anoxic conditions and complete drowning of the Comanche plat-
form precisely coincided with the global deﬁnition of a major OAE
only during the 1a event. Drowning of the Comanche Platform and
commencement of shale deposition preceded OAEs 1b and 2. Thelink to OAE 1d is not well constrained but the event likely occurred
prior to platform drowning.
Recent work suggests that atmospheric pCO2 levels derived
from volcanic sources intensiﬁed prior to OAEs over time intervals
spanning several tens of kiloyears (Mehay et al., 2009; Keller et al.,
2011). Vahrenkamp (2010) postulated that the increased input of
isotopically light carbon from volcanic sources lasted a few million
years and is manifest by multiple negative d13C excursions sur-
rounding OAE 1a in Oman. Similar negative excursions prior to OAE
1a are observed in the Comanche Platform data (Figs. 10, 11,16). The
global conditions favoring anoxic events persisted over extensive
time spans surrounding the major OAEs. However, local environ-
mental conditions of a region dictated the exact timing of anoxia,
carbonate platform drowning, and deposition of the subsequent
organic-rich shale intervals. With the exception of OAE 1a, younger
drowning episodes on the Comanche Platform occurred adjacent to
OAEs 1b, 1d, and 2 during a broader set of global circumstances
conducive to anoxia, but these OAEs were not directly coincident
with initial platform drowning. Rather, three of four episodes of
platform drowning correspond more closely to ancillary events
surrounding the main OAEs. Platform drowning prior to OAE 1b is
better aligned temporally with the Fallot event. Drowning
following OAE 1d may have more precisely corresponded to the
Albian-Cenomanian boundary event. Complete drowning of the
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matches best with the Mid-Cenomanian event. The speciﬁc anoxic
“sub-event” (for example: Fallot event, Albian-Cenomanian
boundary event, Mid-Cenomanian event) that was most detri-
mental to a given carbonate system differed globally based on
regional paleoceanographic conditions and must not necessarily
correspond to a classically deﬁned OAE. Rather the major OAEs (1a,
1b, 1d, 2) represent broader periods of time in which global pale-
oceanographic conditions were conducive to anoxia and several
anoxic sub-events occurred, any one of which may have been most
important for a speciﬁc carbonate province.
During the anoxic phase, eustatic sea level may have reached
10e50 m above levels of the equilibrium phase, but relative sea-
level rise of 50e100 m and maximum ﬂooding of the platform
was enhanced by low sediment accumulation rates (0.3e0.5 cm/
kyr) and platform subsidence. Shale deposition was partially a
function of background sedimentation with high rates of organic-
carbon burial and also a result of increased clay input from conti-
nental weathering. Radiolaria and benthic foraminifera assem-
blages underwent rapid extinction and radiation episodes in
response to ﬂuctuating nutrient levels (Erbacher et al., 1996;
Parente et al., 2008). Shoreline sedimentation in low-angle ramp
clinoforms consisted of reworked molluscan-oyster debris or
glauconitic siliciclastic sandstones, particularly surrounding OAEs
1a and 1b of the early Aptian (124e119 Ma) and late Aptian
(119e110 Ma) composite sequences. Similar facies trends are
observed in northern Tethyan margins (F€ollmi et al., 1994, 2006).
Following oceanic anoxia, the recovery phase of the platform is
characterized by stabilizing d13C proﬁles with minor excursions
(Fig. 16). The carbonate factory re-established in bathymetrically
shallow areas near the shoreline as ocean-water acidity decreased
and sedimentation rates slowly increased. Isolated carbonate
platforms, such as those in the Paciﬁc Ocean (Groetsch et al., 1993;
Jenkyns, 1995), may not have begun the recovery phase, precisely
because they lacked shallow shorelines from which to establish
active sedimentation. Recovery fauna deposited in dysoxic condi-
tions amidst decreasing shale accumulation consisted of calcite-
dominated assemblages with oysters and fewer echinoderms
following OAEs 1a, 1b, and 1d. Following OAE 2, recovery assem-
blages in the Austin Chalk contained abundant coccolithophorids,
common inoceramid bivalves, and fewer oysters. Eustatic sea levels
were slowly falling to stationary in composite sequence highstands
and caused progradation of ramp clinoforms with regressive plat-
form geometries. Coral-rudist assemblages were generally absent,
but were slowly introduced in bioherms and solitary platform-
margin reefs as normal marine conditions returned. Equilibrium
conditions re-established regressive shelf-margin reefs following
the Aptian OAEs. However in other circumstances the carbonate
shelf never fully recovered to equilibrium conditions, as was the
case of the Comanche Platform following OAEs 2 and 3.
8. Conclusions
Compilation of the eight d13C proﬁles from the Comanche
Platform allows construction of a continuous secular carbon
isotope curve spanning approximately 52 myr that is derived from
lower Hauterivian through lower Campanian strata exceeding
1000 m in thickness (Fig. 17). Correlation of Hauterivian and Bar-
remian data from the Comanche Platform to global reference pro-
ﬁles indicates that isotope investigations outside of the northern
Tethys may provide further insight into global carbon cycling prior
to OAE 1a. Aptian data are consistent across the various reference
proﬁles and provide supplemental information regarding the
global impact of OAEs 1a and 1b across the spectrum of carbonate
environments. Comanche Platform data for the Albian Stage are ahigh-resolution data set that allows reﬁned deﬁnition of globally
correlative chemostratigraphic segments. Lower Cenomanian
global correlations are equivocal because excursions are of low
amplitude. However, the Mid-Cenomanian event shows signiﬁcant
excursions and coincides with shale deposition and organic matter
burial on the Comanche Platform. The uppermost Cenomanian
through upper Turonian section is not present in this data set, but
correlation of uppermost Turonian through lower Campanian data
to global reference sections is readily accomplished.
Prior to global oceanic anoxic events, long-term transgressions
and negative trends in d13C proﬁles are consistent with increased
rates of submarine volcanism in large-igneous provinces as the
primary driver of environmental stress surrounding OAEs 1a, 1b, 1d
and 2. If considered the only external forcing mechanism, eustatic
sea-level rises of 10e60 m/myr were probably insufﬁcient to cause
drowning of the Comanche Platform because reef-margin sediment
accumulation rates reached 71 m/myr in the Stuart City reef-
margin (Hancock and Kauffman, 1979; Haq et al., 1988; Sahagian
et al., 1996; Miller et al., 2004). Additional forcing mechanisms
must have been involved to cause repeated drowning of otherwise
healthy carbonate factories in the Sligo and Stuart City depositional
systems. Environmental perturbations surrounding the OAEs,
especially increased surface water acidity and inﬂux of siliciclastics
from intensiﬁed continental weathering (Weissert and Erba, 2004;
Emeis and Weissert, 2009; Erba et al., 2010), caused carbonate
sediment production to substantially diminish surrounding the
anoxic events. Thus, volcanism in large igneous provinces led to a
combination of eustatic sea level rise and environmental stress that
repeatedly caused carbonate sedimentation to terminate on the
Comanche Platform. However, the precise timing of each platform
drowning event and start of organic-rich shale deposition was a
function of local oceanographic conditions that did not always
correspond with the biostratigraphic and chemostratigraphic def-
initions of the major OAEs. Complete platform drowning in the
early Aptian coincided with the biostratigraphic and chemostrati-
graphic deﬁnition of OAE 1a. However, the start of platform
drowning episodes containing OAEs 1b, 1d, and 2 more precisely
correspond to the timing of anoxic sub-events, including the Fallot,
Albian-Cenomanian boundary, and Mid-Cenomanian events.
The south Texas composite d13C proﬁle and stratigraphic anal-
ysis document the impact of OAEs 1a, 1b, 1d, 2 and 3 on the
morphologic development of the Comanche Platform. Four car-
bonate platform drowning episodes caused development of two
transgressive-regressive supersequences (Aptian-Albian and
Cenomanian-Campanian) characterized by equilibrium, crisis,
anoxic, and recovery phases. Stratigraphic packages of greatest
thickness and highest sediment accumulation rates averaging 4 cm/
kyr occur in the equilibrium phases. Equilibirum phases contain
aragonitic, coral-rudist phototrophic faunal assemblages and are
represented by carbonate-dominated shelves of the Hauterivian-
Barremian and Albian intervals (Figs. 2, 15, 16). Crisis phases are
associated with transgressive facies trends, calcite-dominated
heterotrophic fauna, diminishing sedimentation rates, and
increasing shale accumulations. Anoxic phases contain the thinnest
stratigraphic packages with the lowest sediment accumulation
rates averaging 0.3e0.5 cm/kyr. Associated shale intervals depos-
ited during or surrounding the OAEs represent maximum ﬂooding
zones of composite sequences. Pine Island Member, Bexar Member,
Del Rio Formation, and Eagle Ford Group shale units in south Texas
are associated with OAEs, but the shale units do not always exactly
coincide with the global biostratigraphic and chemostratigraphic
deﬁnitions of the events. These units represent only 8% of the total
section thickness but encompass approximately 39% of the time
through which platform sediments were deposited. Following each
OAE and shale deposition, recovery phases re-initiated the
Fig. 17. Composite carbon isotope curves for the Comanche Platform. At left the data are plotted against cumulative thickness of the stratigraphic section. At right the data are
plotted against time.
R.M. Phelps et al. / Cretaceous Research 54 (2015) 117e144 141
R.M. Phelps et al. / Cretaceous Research 54 (2015) 117e144142carbonate factory at the shoreline via regressive ramp depositional
systems containing calcitic, oyster- or coccolithophorid-dominated
faunas. Equilibrium conditions were again attained following OAEs
1a and 1b in the Aptian-Albian supersequence, but were not fully
re-established following OAEs 1d, 2 and 3 in the Cenomanian-
Campanian supersequence.
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